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A method is proposed for measuring the 
fluorescence quantum yield (QY) using a 
commercial spectrophotometer with a 
150 mm integrating sphere (IS) detector The 
IS detector is equipped with an internal 
cuvette holder so that absorbance measure- 
ments can be performed with the cuvette 
inside the IS. In addition, the spectropho- 
tometer has a cuvette holder outside the IS 
for performing conventional absorbance 
measurements. It is shown that the fluores- 
cence quantum yield can be obtained from 
a combination of absorbance measure- 
ments of the buffer and the analyte solu- 
tion inside and outside the IS detector. Due 
to the simultaneous detection of incident 
and fluorescent photons, the absorbance 
measurements inside the IS need to be 
adjusted for the wavelength dependence of 
the photomultiplier detector and the wave- 
length dependence of the IS magnification 
factor. An estimate of the fluorescence 
emission spectrum is needed for proper 



apphcation of the wavelength-dependent 
adjustments. Results are presented for 
fluorescein, quinine sulfate, myoglobin, 
rhodamine B and erythrosin B. The QY of 
fluorescein in 0.1 mol/L NaOH was deter- 
mined as 0.90±0.02 where the uncertainty 
is equal to the standard deviation of three 
independent measurements. The method 
provides a convenient and rapid estimate 
of the fluorescence quantum yield. 
Refinements of the measurement model 
and the characteristics of the IS detector 
can in principle yield an accurate value of 
the absolute fluorescence quantum yield. 
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1. Introduction 

Integrating spheres (IS) have been used extensively 
for measuring optical properties of surfaces, films and 
light sources. The light from a source placed at the cen- 
ter of the sphere is reflected many times by the surface 
of the IS. By the time the light hits the detector (placed 
in the wall of the IS) much of the original emission 
anisotropy has been eliminated so that the detector 
gives a good measure of the total emitted radiant 
power. The detailed description of the reflection 
process inside the IS can be found in the literature [1,2]. 
The IS technique has been applied to the measurement 



of absorbance of materials. The benefit of this approach 
is the lack of sensitivity to scattering and the geometry 
of the sample [3]. The IS technique was used to meas- 
ure the absorbance of pure water [4,5]. Recently, the IS 
technique has been applied to the measurement of 
quantum yield (QY) from films and solutions. A sum- 
mary of the traditional methods for measuring QY has 
been given by Demas [6]. A popular method is the com- 
parison of fluorescence emission spectra from two 
solutions one of which is a standard. QY measurement 
with IS of anisotropic films were first discussed by 
DeMello [7]. It was shown that the results of several 
measurements with the sample outside and inside the IS 
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could be combined to yield the absolute QY. The pro- 
cedure was adopted to a commercial fluorometer by 
Porres [8]. A custom-made fluorometer with an IS has 
been described by Mei [9]. This work proposes a tech- 
nique to measure the absolute QY of fluorophores in 
solution by using a commercial spectrophotometer with 
an IS accessory. In the following we develop the math- 
ematical model of the technique and then apply it to 
several fluorophores. With some care, the technique 
could be used as a convenient method for estimating 
the absolute QY in the wavelength range of 300 nm to 
700 nm. 



2. Methodology 

The proposed method for measuring the fluores- 
cence quantum yield utilizes a commercial spectropho- 
tometer with an integrating sphere (IS) detector Two 
measurements of absorbance have to be carried out on 
the same cuvette. One measurement is performed with 
the cuvette placed outside the IS, and the second meas- 



urement with the cuvette inside the IS. For clarity, the 
measurement will be described with a specific instru- 
ment — the Perkin Elmer Lambda 850\ Figure 1 shows 
the paths of the sample and reference beams used in the 
measurement of absorbance. The two paths are very 
similar; both end on the wall of the IS detector. The 
path of the sample beam contains two mechanical hold- 
ers for a cuvette. One cuvette holder is located in front 
of the IS detector while the second cuvette holder is 
located inside the IS detector. The lens and the mirrors 
shape the sample beam so that it passes unobstructed 
through the cuvette holders. 

An incident flux, O; (W- Watts), enters the IS through 
a sample aperture of area A^ (m^), passes through a 
cuvette, and hits the wall of the IS. A reference flux, O, 
(W), enters the IS through a reference aperture of area 
A, (m^) and hits the IS wall without passing through the 
cuvette. Figure 2 illustrates the geometrical arrange- 
ment of the various fluxes inside the IS. First consider 
the reference flux. The reference beam will enter the IS, 
hit the IS wall and undergo the first reflection. A baffle 
inside the IS prevents the detector from seeing the first 
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Fig. 1. A schematic diagram of the geometric layout of the reference and sample beam 
paths in the Lambda 850 spectrometer with the integrating sphere (IS) detector. The two 
squares represent the cuvette holders placed in the path of the sample beam. One holder is 
outside the IS, and the other holder is inside the IS located at the center of the sphere. 
Without cuvettes in the holders, the responses of the IS detector to the reference and sam- 
ple beams are almost identical. 
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Fig. 2. Top view of the IS detector. The arrows show the various 
light fluxes presem in the IS when a cuvette containing a fluorescent 
solution is placed in the holder inside the IS. O; and O, are the flux- 
es that enter the IS through the sample port and reference port respec- 
tively. Note that the reference flux does not pass through the cuvette 
at the center of the IS and hits the inside surface of the IS. The flux, 
O;, passes through the cuvette and its contents. The passage resuhs ui 
three new fluxes: Oj the flux transmitted through the cuvette. Of the 
fluorescence flux, and O^ the flux due to scattering from the cuvette 
walls. There are baffles (not shown) placed in the IS to prevent the 
detector from seeing the first reflection of the transmitted and refer- 
ence beams as well as the direct observation of the fluorescence and 
scattered fluxes. The detector is sensitive to average fluxes resulting 
after many reflections from the surface of the IS. 



reflection of the incident reference beam. The reference 
light beam undergoes many more reflections resulting 
in an average flux, ^%f, incident on the IS wall. The 
average flux will be written as 



d)^ 



A/„f*.> 



(1) 



where the symbol M^^f represents the magnification of 
the incident reference flux due to the many reflections 
on the IS wall. Neglecting the presence of the cuvette 
holder and the baffle, the ideal IS behavior leads to the 
following expression for the magnification M^^f = 
p(l -/)/(! -p(l -J)) [10]. The constant/is defined as 
the ratio of areas given by/= (A-^ + A^ + A^/A^ where A^ 
and ^s are the areas of the detector aperture and total 
sphere surface respectively. The reflectance of the 
material lining the surface of the IS is given by p. The 
detector is mounted flush with the surface of the IS. 
Therefore the detector response will be proportional to 
the average flux incident per unit surface area of the IS 



multiplied by the detector area. Explicitly, the detector 
signal, D^f, will be given by Eq. (2) 



D^f = Ri^rM^f -f - EiX)M^,c^^., (2) 

A, 



where R{X) is the radiant sensitivity of the photomulti- 
plier cathode. The ratio of the detector area to the area 
of the entire IS is a constant which can be combined 
with the radiant sensitivity to give overall detection 
efficiency E{X). It will be assumed that the dependence 
of the detection efficiency on wavelength comes from 
the radiant sensitivity of the photomultiplier cathode. 
An excellent description of various biases inherent in 
IS measurements has been presented by Hanssen and 
Snail [11]. 

Consider the detector response for the case of the 
flux, <3);, entering the IS through the sample port and 
hitting the cuvette filled with a fluorescing solution. As 
shown in Fig. 2, there is a flux associated with the inci- 
dent flux which is transmitted through the cuvette. This 
flux will be called <3)( (W). Another flux will arise due 
to scattering from the cuvette walls. The scattering flux 
will be called <3>s (W). Finally there will be a flux asso- 
ciated with the radiative decay of excited molecules. 
The fluorescence flux will be emitted over an extended 
range of wavelengths and will be called <3)f (W/nm). 
The scattered and fluorescence fluxes are emitted from 
the cuvette in all directions. The cuvette holder inside 
the IS has a bottom coated with the same material as the 
surface of the IS. This bottom serves as a "baffle" pre- 
venting the detector from seeing the direct fluorescence 
and scattered fluxes. Therefore the fluorescence and 
scattered fluxes arriving at the detector will be the aver- 
age fluxes obtained after many reflections. However, 
the fluorescence flux is spread over the wavelength 
region associated with the fluorescence emission spec- 
trum and therefore it has different detection efficiency 
from that of the scattered flux. All of these considera- 
tions lead to the following expression for the detected 
signal, /)sampie> when the flux <3); enters the IS through the 
sample port. 

+ Ea)M^^^0^. (3) 

Mj^ is the magnification factor for flux transmitted 
through the cuvette. The transmitted flux hits the same 
spot on the surface of the IS as the incident flux, and 
therefore it is likely that it evolves identically to the 
incident flux in the absence of a cuvette. M„„ is the mul- 
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tiplication factor for flux originating in the cuvette. It is 
assumed that the fluorescence and scattered fluxes 
evolve in similar fashion. Equation (3) models the 
response of the IS to the three fluxes which ultimately 
arise from the perturbation of the incident flux by the 
cuvette. The relation between the incident flux, O;, and 
the fluxes exiting the cuvette will be determined by the 
cuvette and its contents as discussed below. Finally, if 
there is no cuvette in the sample holder, then Df^mpie and 
D^f should in principle be equal because the incident 
flux is not modified. The autozero function of the 
Lambda 850 corrects for small differences in IS 
response between the reference beam and the unob- 
structed sample beam. Equations (2) and (3) suggest 
that to a very good approximation balancing the detec- 
tor signals is equivalent to balancing the two average 
fluxes, Mi^^Oi = A/,gfOj. Subsequent to the autozero, and 
the insertion of a cuvette into the sample holder, the 
Lambda 850 measures the average fluxes incident on 
the IS surface and reports the absorbance. A, calculated 
from the relation A = -\og{D^^iJD^i). This procedure 
is carried out irrespective of whether the cuvette is 
placed inside or outside the IS. In what follows we will 
use Eqs. (2) and (3), and the measured values of A to 
extract the fluorescence quantum yield. We start with 
the discussion of traditional absorbance measurement 
with the cuvette mounted in a holder outside the IS. 

2.1 Cuvette Outside IS 

Figure 3 shows a model of the expected response 
when a beam of light passes through a cuvette filled 
with a fluorescing solution. The two vertical lines in 
Fig. 3 represent the walls of the cuvette and the hori- 
zontal arrows represent the incident and transmitted 
flux. The molecular absorption coefficient, a = aN, is 
expressed as a product of the absorption cross section, 
<J, in units of cm^ and the molecular concentration, TV, 
in units of cm"^. The fluorescence flux is modeled as 
originating from the absorbed flux with a parameter 
called the quantum yield (QY) which gives the fraction 
of absorbed photons that appear as fluorescence pho- 
tons. For the case of a cuvette outside the IS detector, 
we assume that the amount of fluorescence flux that 
reaches the detector is negligible. This assumption is 
plausible since the fluorescence is emitted in all direc- 
tions and only a negligible part will be accepted by the 
detector aperture. Let r and t be the reflection and trans- 
mission coefficients of the two cuvette walls. The effect 
of the first cuvette wall is represented by a change in 
the incident flux to ^j = lO'^^'O;. The differential equa- 
tion can be solved to find the flux after the beam has 



dx 
d<P,(x) 



-a<I>i (x) 



dx A^ 

(J) = r<I>, 



^ 



<X>. 




Fig. 3. A model of the interaction of the incident flux with the con- 
tents of the cuvette. The incident beam is attenuated in the cuvette by 
molecular absorption of light. Whatever flux remains after the pas- 
sage through the cuvette is called the transmitted flux. The fluores- 
cence flux is represented as a fraction of the absorbed flux where the 
fraction is called the quantum yield (QY). The scattering flux is rep- 
resented as a constant fraction of the incident flux. 



traversed the fluid inside the cuvette. The result is 
/Oje"^ = /OjlO"""'^^"' where / is the path length which will 
be set to 1 cm. The second cuvette wall introduces 
another transmission coefficient. Finally the transmit- 
ted flux can be written in terms of the incident flux and 
the properties of the cuvette to give the ratio of expect- 
ed signals shown in Eq. (4) 



sample _ -'"jnc^t _ 1 rjbg (-0.434 a+bg ( 



D^ 



D. 



sample 



D„ 



^.ef*„f 



:10- 



(4) 



The three terms in Eq. (4) represent the sequential 
reduction of the incident flux due to the transmission 
through the first cuvette wall, the transmission through 
the fluid, and the transmission through the second wall. 
The exponential notation permits a convenient addition 
of the effects in the absorbance A. The value of ^ pre- 
sented by the instrument can be compared directly to 
the exponent given by the model in Eq. (4). A measure- 
ment of the absorbance with buffer in the cuvette would 
give just the "absorbance" due to the finite transmit- 
tance at the cuvette walls, which can be subtracted from 
the measured absorbance of the analyte. In principle it 
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is necessary to consider multiple reflections in the 
cuvette which would increase the transmitted flux. At 
this point, the effect of the multiple reflections will be 
neglected since for typical values oft and a, the contri- 
bution from the multiple reflections is less than 0.0005 
absorbance units. 

2.2 Cuvette Inside the IS 



wavelength is given by QY(1 - lO-^*^*y^iSiXi)/hfi. The 
energy emitted per unit wavelength is obtained by mul- 
tiplying the number of photons by the energy of a sin- 
gle emitted photon. The final result for the fluorescence 
flux per unit wavelength (W/nm) is given by 



<I>f (Af) =QY(1 -10-'"'''')i<I>i5(A,.)— , 



(5) 



The measurement of absorbance with the cuvette 
inside the IS is a very different process since the meas- 
ured flux includes the transmitted flux as well as fluo- 
rescence and scattered fluxes. The fluxes are shown in 
Fig. 2 which gives a scheme of the IS layout. Note that 
each of the fluxes originating in the cuvette (transmit- 
ted, reflected, and fluorescence) goes directly to the IS 
surface where it is further reflected. 

It will be assumed that the incident flux reflected 
from the first and second cuvette walls exits the IS 
through the entrance aperture. The design of the IS and 
the shape of the entrance beam are optimized to insure 
this event. The sample beam entering the IS detector is 
focused on the back surface of the IS. This means that 
the beams reflected from the cuvette walls (located in 
the center of the IS) are focused on the entrance aper- 
ture of the IS detector Therefore the cross sectional 
area of the reflected beams at the entrance aperture of 
the IS will be smaller than the cross section of the inci- 
dent beam, and therefore all of the reflected beams 
should exit the IS detector 

The fluorescence flux from a slab of thickness dx of 
the material, in the cuvette can be modeled as d<3)f = 

(QY)a<3)i(x)T~5(/Lf)dx where (QY) is the fluorescence 

quantum yield, and a is the molecular absorption coef- 
ficient. The resulting fluorescence flux can be 
expressed as follows. Let <3)i (W) represent the energy 
flux incident on a cuvette. Then the transmitted flux is 
given by 10 ■ "^d. The energy absorbed in the cuvette 
is given by (1 - 10 ' '')^\t. In practice the incident 
light is reasonably monochromatic. Therefore it is pos- 
sible to calculate the total number of incident photons 
absorbed by the material in the cuvette as (1 - 
10 ■ )^it/hfi where hfi is the energy of a single inci- 
dent photon. The quantum yield, QY, gives the fraction 
of photons emitted for a given number of absorbed pho- 
tons. Therefore the number of emitted photons is given 
by QY(1 - 10 ■ '')^\t/hfi. The emitted photons are usu- 
ally distributed over a range of wavelengths. The quan- 
tity s{Xi) (nm~ ) gives the fraction per unit wavelength 
of the total emitted photons with a wavelength Xi. 
Therefore the number of photons emitted per unit 



where the ratio of photon frequencies has been replaced 
by a ratio of the wavelengths. The path length, /, was 
set to 1 cm. The increase in the fluorescence flux due to 
multiple reflections inside the cuvette can be modeled 
by a beam propagating perpendicularly to the cuvette 
walls. Multiple reflections result in an increase of about 
4 % in the fluorescence flux. This effect will not be 
included in this initial presentation. The fluorescence 
flux may be reduced by self absorption since most flu- 
orophores exhibit a slight overlap between absorption 
and emission bands. This effect will also be neglected. 
The scattered flux from the cuvette walls will be mod- 
eled as a constant fraction of the incident flux, <I>s = 
rs<I>i. The ratio of the detector responses when the beam 
enters through the sample port and when it enters 
through the reference port can be modeled by inserting 
the values of the specific fluxes into Eq. (3) and divid- 
ing by Eq. (2). The result is given explicitly in Eq. (6) 



A 



sample _ ^ |-.21og(0-0.434 a 

+ QY(1-10-''''''') 



t-X 



lEiX,)M^^^dX, 






(6) 



Together with Eq. (4), Eq. (6) suggests an explicit rela- 
tion between the QY and the measured quantities. 

QY = 

_ jin .out 

(10" "■ -10-""' -(M^,(A)M„,(A))^) E{X) ■M,„,(A) 



(j_jQ^.434.^^ 



X-{EM) 



(V) 



Equation (7) serves as the fundamental relation 
between the measured absorbencies and the fluores- 
cence QY. Note that the dependence on the wavelength 
of all quantities has been made explicit. The quantities 
on the right hand side of Eq. (7) can in principle be 
measured. 
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0.434-a = 4-'-CJ 

.in 



{EM) = l^M^{X,)s{\)d\. (7a) 



}^ ^f 



The notation in Eq. (7) uses the subscript to specify the 
solution that is measured, and the superscript to indi- 
cate whether the measurement was carried out inside 
the IS (in) or outside the IS (out). 

It is useful to note that Eq. (7) is equivalent to the 
usual definition of the fluorescence quantum yield. For 
simplicity, we assume an ideal case where there is com- 
plete transmission through the walls of the cuvette, no 
scattered flux {t=\, r^ = Q, 5M=\), and constant 
detection efficiencies over all wavelengths. In this ideal 
case, Eq. (7) reduces to Eq. (8) 



QY: 



lO"-" -10" 



{\) 



(8) 



1-10 



The expression (1 - 10"'* ) /I gives the fraction of inci- 
dent photons which were absorbed by the analyte. The 
expression (lO"'*"- 10"'*°")(/l^ gives the fraction of the 
absorbed photons which were converted into fluores- 
cence photons. Thus Eq. (8) follows the standard defi- 
nition of QY as the ratio of emitted photons to absorbed 
photons. Note that the emitted photons could originate 
from both the singlet and triplet excited states of the 
molecule. Therefore the measured QY describes the 
total photon emission. 

In the following, we perform some measurements 
and demonstrate that the analysis of the data with Eq. 
(7) and Eq. (7a) does lead to a good estimate of the flu- 
orescence QY. In the process, we explain how to esti- 
mate the overall detection efficiency factor defined as 
E{XyM-J,X)l{{EM) -X). 



3. Results 

We describe the application of Eq. (7) and Eq. (7a) to 
the absorption spectra of fluorescein, quinine sulfate, 
rhodamine B, erythrosin B, and myoglobin. These flu- 
orophores cover a wide range of quantum yields and 
provide a good test of the proposed measurement tech- 
nique for fluorescence QY. The results for fluorescein 
are presented in detail, and some results for quinine sul- 
fate are shown. The data for the other fluorophores are 



not shown; the results for all fluorophores are summa- 
rized in Table 1 . 

Table 1. Quantum yield values obtained from application of Eq. (7), 
Eq. (7a), andEq. (10) 



Fluorophore 


QY from 


Accepted value of 




Eq. (7) 


Quantum yield 


Myoglobin, PBS 


-0.01 


0.0 


Fluorescein 






O.lmol/LNaOH 


0.90±0.02 


0.925[14] 


Rhodamine B, PBS 


0.34±0.02 


0.31 


Erythrosin B, PBS 


0.018±0.02 


0.02[17] 


Quinine sulfate 






0.1 mol/L H2SO4 solution 


0.65 


0.55[18] 



PBS stands for phosphate buffer saline; the uncertainties were 
obtained from the SD of three measurements 



3.1 Fluorescein 

The solid line in Fig. 4a shows the absorbance meas- 
ured outside the IS detector for a 1 .2 fimol/L solution of 
fluorescein in 0.1 mol/L NaOH solution. The dotted 
line shows the absorbance measured for the same solu- 
tion inside the IS detector The two spectra are averages 
of three independent measurements. The type A meas- 
urement uncertainties are of the order of the thickness 
of the line in Fig. 4a. The solid line and the dotted line 
in Fig. 4b shows the absorbance of a 0. 1 mol/L NaOH 
solution measured outside and inside the IS detector 
respectively. The displayed spectra are averages of 
three independent measurements. The four spectra in 
Fig. 4 are the primary measurements which are used in 
Eq. (7) and Eq. (7a) to obtain the fluorescence quantum 
yield. The transmission coefficient obtained from Eq. 
(7a) is shown by the solid line in Fig. 5a. The dashed 
line in Fig. 5a shows the expected values of t. The 
transmission coefficient is a product of two transmis- 
sion coefficients associated with the air- fused silica and 
fused silica-water interfaces. These two transmission 
coefficients are evaluated using the well known expres- 
sion given in Eq. (9) with the result shown by the 
dashed line in Fig. 5a 
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Fig. 4. Absorbance spectra of fluorescein, (a) The solid curve shows 
the absorbance resulting fi'om a fluorescein solution in a cuvette 
placed outside the IS detector. The dotted curve shows the 
absorbance when the same cuvette is transferred to the holder inside 
the IS detector. The reduction in apparent absorbance is a direct con- 
sequence of fluorescence, (b) The soHd curve shows the absorbance 
measured in a cuvette filled with butfer and placed outside the IS. 
The dotted curve shows the absorbance when the cuvette is trans- 
ferred to the holder inside the IS detector. The reduction in the appar- 
ent absorbance is a result of scattering fiom the cuvette. The design 
of the IS detector insures that the flux reflected from the cuvette 
waUs exits the IS through the sample port. 

The indexes of refraction are fiinctions of the wave- 
length given by «fi,,a ^nioaC^) = 1-561 - 3.969-10^A + 
5.183-10-U'-2.384-10-'U^ [12] and M^ataW = 
1.3231 + 3300-A-'-3.2-10U-^ [13]. As seen in Fig. 5a, 
the correspondence between the measured and calculat- 
ed values of t is reasonable. The calculated value of t 
shown in Fig. 5 a corresponds to the optimal case of a 
perfectly smooth and clean surface. The measured val- 
ues of t are slightly smaller indicating some additional 
loss, most likely due to scattering from the interfaces. 
The dotted line in Fig. 5a shows the contribution from 
"scattering" obtained using Eq. (7a). Some of this 
"scattering" could be due to imperfections in the 
cuvette surface. It should be mentioned that the "scat- 
tering" contribution increased dramatically if the 
cuvette was not perfectly seated in the cuvette holder 



z-{em) 




50Q 

wavelength, nm 

Fig. 5. (a) The solid curve and the dotted curve show the transmis- 
sion coefficient and the scattered flux respectively as obtained fiom 
the data in Fig. 4 and Eq. (7a). The dashed curve shows the expected 
transmission coefficient calculated using Eq. (9). The smaller 
observed transmission is most likely due to scattering from the 
cuvette walls, (b) The sohd curve shows the ratio of detection effi- 
ciencies of the incident flux and the average fluorescence flux. The 
values were obtained from Eq. (10) as described in the text. The 
detection efficiency correction is a strong tunction of the wavelength. 

inside the IS. (This is most likely due to some of the 
reflected beam hitting the surface of the IS). 
Monitoring the "scattering" contribution at a wave- 
length where there is no molecular absorption yields a 
good indicator of proper cuvette seating in the IS 
holder 

The relative cathode radiant sensitivity curve, as 
given in the Hamamatsu data sheet for the R928 photo- 
multiplier tube (PMT), was read at selected values of 
the wavelength and these values were used to interpo- 
late the cathode radiant sensitivity at arbitrary values of 
the wavelength. The resulting relative cathode radiant 
sensitivity is given in Table 2. These values were used 
for the analysis of all measurements. The emission 
spectrum of fluorescein was measured using an SLM 
8000 fluorometer The average of the product of mag- 
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Table 2. Relative cathode radiant sensitivity 



Wavelength 
nm 



300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 



Relative cathode 


radiant sensitivity 


59.0 


59.4 


60.0 


60.8 


62.1 


64.0 


66.6 


69.5 


72.0 


73.6 


74.0 


73.3 


72.0 


70.7 


69.4 


68.0 


66.5 


64.9 


63.2 


61.6 


60.0 


58.5 


57.2 


55.8 


54.4 


53.0 


51.5 


49.9 


48.2 


46.6 


45.0 


43.5 


42.0 


40.6 


39.3 


38.0 


36.8 


35.5 


34.3 


33.2 


32.0 



nification and the cathode radiant sensitivity for fluo- 
rescence was calculated using Eq. (10) 



(EM) = - 



j sped (^,f)d^,f 



(10) 



The symbol spect{Xi) is a continuous emission spec- 
trum obtained by interpolation of the measured uncor- 
rected emission spectrum. The emission spectrum was 



measured using a photon counting detector so that the 
value of spect{Xi) at any wavelength is proportional to 
the number of emitted photons at that wavelength. The 
spectral function s{Xi) was estimated from the relation 
5(/lf) = spect(Xi)/!spect(Xi)dXi. E(X) represents the inter- 
polated values of the relative cathode radiant sensitivi- 
ty data given in Table 2 (obtained from the PMT data 
sheet). The resulting detection efficiency factor, 
£'(A)-Mi„,(A.)/(A -{EM}), is shown by the solid line in 
Fig. 5b (it was assumed that the magnification ratio, 
M^Mi^^, was a constant equal to 0.94 as discussed 
below). Combining all of the measurements, the final 
values of the quantum yield obtained using Eq. (7) and 
Eq. (7a) are shown by the solid line in Fig. 6. The dot- 
ted line shows the expected result [14]. 

The correspondence of the measured and expected 
values of quantum yield in Fig. 6 is reasonably good. 
However the wavelength dependence of the measured 
values of quantum yield suggests that the calculated 
detection efficiency factor does not represent correctly 
all of the wavelength dependence. For the previous 
analysis to be valid, the magnification ratio, M^JM-^„ 
has to be relatively constant over the spectral region of 
interest (e.g. 480 nm to 600 nm). To obtain an estimate 
of the magnification ratio, a source of known flux has 
to be placed inside the cuvette. A possible source is a 
slab of Spectralon placed diagonally in a cuvette filled 
with water The measured absorbance for this cuvette 
inside the IS can be calculated using Eq. (11) 



10 



" ■Spectralon 



5M t- P + 5M r^. 



(11) 




450 450 470 480 490 500 510 

wavelength, nm 

Fig. 6. The solid curve shows the values of QY of fluorescein as 
determined from Eq. (7) and Eq. (7a). As discussed in the text, the 
ratio of the magnification factors of the incident flux and the average 
fluorescence flux was set to 0.94 which is independent of wave- 
length. The resulting value of QY at 490 nm is 0.90 which is lower 
than the expected value shown by the dotted curve. 
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The symbol 5M stands for the ratio of magnification for 
fluxes originating in the cuvette to the magnification 
for the flux hitting the IS surface, M^{?C)IM-^JiX). The 
transmission and scattering contributions can be deter- 
mined by measuring the absorbance of a cuvette filled 
with water outside and inside the IS [see Eq. (7a)]. This 
procedure leads to an estimate of the magnification 
ratio shown in Fig. 7. The solid curve in Fig. 7 shows 
the average of two measurements carried out for the 
two possible orientations of the Spectralon slab in the 
cuvette. The dotted curve in Fig. 7 is a straight line 
drawn to guide the eye in estimating deviation from a 
constant value. The magnification ratio is about 0.94 
for wavelengths greater than 450 nm. For shorter wave- 
lengths the magnification ratio decreases to 0.86 at 300 
nm. Since most of the fluorescence emission from flu- 
orescein is above 450 nm, the magnification ratio aver- 
aged over the emitted fluorescence spectrum should be 
close to 0.94, the value used in the fluorescein data 
analysis. 



Table 3. Reflectance and magnification 



Wavelength nm 


Reflectance 


Magnification 


300 


0.9565 


15.3 


310 


0.9649 


17.8 


320 


0.9714 


20.2 


330 


0.9764 


22.6 


340 


0.9801 


24.8 


350 


0.9830 


26.8 


360 


0.9852 


28.5 


370 


0.9868 


30.0 


380 


0.9881 


31.2 


390 


0.9890 


32.2 


400 


0.9898 


33.0 


410 


0.9903 


33.6 


420 


0.9907 


34.1 


430 


0.9910 


34.4 


440 


0.9913 


34.7 


450 


0.9914 


34.9 


470 


0.9917 


35.2 


480 


0.9918 


35.3 


490 


0.9918 


35.4 


500 


0.9919 


35.5 




300 350 400 450 500 550 &00 

wavelength, nm 

Fig. 7. The solid line shows the estimate of the ratio of magnifica- 
tion factor of the flux originating in the cuvette to the magnification 
factor of the flux hitting the IS surface. The curve was obtained using 
Eq. (11) and measurements of a Spectralon slab placed diagonally 
inside a cuvette filled with water. The ratio is a constant down to a 
wavelength of 450 nm. For lower wavelengths, the ratio decreases. 
The dotted curve gives the magnification factor for a constant value 
of 0.94. 

The magnification of the flux originating in the 
cuvette is related to magnification of the incident beam 
by M^ = dM-Mj^^. Therefore the measurement of dM 
may not take into account all of the wavelength 
dependence. It is also necessary to estimate the wave- 
length dependence of Mij,^ . The magnification is known 
to be a sensitive function of the reflectance of the mate- 
rial lining the surface of the IS. Table 3 shows rough 
estimates of the IS reflectance in the near UV obtained 



from the graphs in manuals provided by the manufac- 
turer. The reflectance values are "generic" and may be 
slightly different from the values associated with the 
particular instrument. The values of magnification 
shown in Table 3 were obtained using the function 
A4, = p(l -/)/(! -p(l-/)) which is valid for the 
behavior of an ideal IS. Clearly the magnification is a 
sensitive function of the reflectance. The change in 
reflectance from 500 nm to 300 nm is only 3 % but the 
resulting magnification varies by as much as 57 %. 
Most likely the additional wavelength dependence of 
Mjnc could introduce a modification of the QY results of 
fluorescein shown in Fig. 6. A more accurate estimate 
of the dependence of the magnification on wavelength 
is needed for an improved analysis. 

3.2 Rhodamine B, Erythrosin B, and Myoglobin 

Figure 8 shows the QY obtained for rhodamine B 
and erythrosin B using the identical procedure 
described for fluorescein. The quantum yield of myo- 
globin was consistent with 0.0. In all three cases, the 
shape of the absorbance spectra measured inside and 
outside the IS were very similar. The similarity is 
expected for erythrosin B and myoglobin since they 
have small and vanishing fluorescence emission 
respectively. The emission of rhodamine B falls on the 
part of the detection efficiency curve where it decreas- 
es linearly with wavelength. This is expected to cause 
only a small distortion of the absorbance spectrum 
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Rhodamine B 



Eryth rosin B 



500 510 520 530 540 550 5B0 570 560 

wavelength, nm 

Fig. 8. The solid curve shows the measured quantum yield of rho- 
damine B in the vicinity of the maximum absorption. The procedure 
used was identical to that used to generate the quantum yield of flu- 
orescein shown in Fig. 6. The dotted curve shows the quantum yield 
of erythrosin B in the vicinity of maximum absorption. Both values 
of QY agree with published values. 



measured inside the IS (similar to fluorescein). The 
application of the same data analysis procedure as dis- 
cussed for fluorescein gave a QY of 0,34 ± 0.02 for 
rhodamine B at 560 nm. The result for erythrosine B 
was QY = 0.018 ± 0.02 at 530 nm, and for myoglobin 
QY = -0.01. In the case of myoglobin, the absorbances 
measured outside and inside the IS are so close in value 
that the final result for QY is very sensitive to the val- 
ues of the measured transmission and scattering contri- 
butions. Both of the latter quantities are somewhat 
noisy and susceptible to other confounding factors such 
as reproducibility of the cuvette position in the holder. 
The results for myoglobin suggest that the reference 
beam is not modified appreciably when the cuvette 
with the myoglobin solution is placed inside the IS. In 
principle the reference beam could be attenuated due to 
absorption by myoglobin. However this effect appears 
to be minimal. 

The measurement of the QY of fluorescein, rho- 
damine B, and erythrosin B give values of 0.90, 0.34, 
and 0.018 that are close to the accepted values of 0.925, 
0.31, and 0.02 respectively. This suggests that the pro- 
posed technique works for wavelengths above 450 nm. 
However the analysis of the data at lower wavelengths 
is complicated by the strong dependence of magnifica- 
tion on wavelength. 

3.3 Quinine Sulfate 

Figure 9a shows the absorbance measured for a 
1 |Xmol/L solution of quinine sulfate in 0. 1 mol/L H2SO4. 



The solid curve shows the absorbance measured out- 
side the IS, and the dotted curve shows the absorbance 
(multiplied by 3) measured inside the IS. In both cases 
the contribution from the buffer has been subtracted. 
There is a substantial difference in the shape of the 
spectrum between the two measurements. This differ- 
ence can be rationalized by the presence of fluores- 
cence emission in the case of measurements inside the 
IS. Due to the strong wavelength dependence of the 
magnification, the fluorescence emission has signifi- 
cantly higher detection efficiency factor. The values of 
the transmission coefficient and the scattering contribu- 
tion are very similar to those shown in Fig. 5 a although 
the transmission factor is 0.958 at 300 nm. The most 
likely cause of the large wavelength dependence of the 
difference in the shape of the absorption spectrum is the 
change in the magnification factor resulting from the 
decrease in reflectivity at lower wavelengths. An esti- 
mate of the detection factor for quinine sulfate was 
made using the data in Table 2 and Table 3. The solid 
curve in Fig. 9b shows the final value of the detection 
factor The calculated detection factor in conjunction 
with the absorbance measurements gave a QY (shown 
in Fig, 9c) 0.65 ± 0,03 at 350 nm where the uncertain- 
ty was obtained from repetitive measurements. This 
value of QY is larger than the accepted value of 0.58 
[15] indicating the presence of substantial systematic 
error. It was found that the value of QY was very sen- 
sitive to the form of the dependence of magnification 
on wavelength. The large difference between quinine 
sulfate absorption maximum (350 nm) and the emission 
maximum (450 nm) makes quinine sulfate very sensi- 
tive to the wavelength dependence of the detection fac- 
tor. Therefore measurements of the QY of fluorophores, 
which emit in the near UV, will require an accurate 
measurement of the dependence of the IS magnification 
on wavelength. 

3.4 Estimates of Measurement Uncertainty 

The uncertainties of QY given in Table 1 are the 
standard deviations (SD) of the results obtained from 
three independent measurements. These Type A uncer- 
tainties describe the repeatability of the entire sequence 
of four measurements of absorbance of buffer and ana- 
lyte outside and inside the IS detector. In addition, it is 
useful to know the sensitivity of the QY values to 
uncertainties in each of the four measured absorbencies 
that enter into Eq. (7). The standard deviation (SD) of 
buffer absorbance measured outside and inside the IS 
detector was approximately 0.0002 absorbance units. 
This value was obtained from four independent consec- 
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wavelength, nm 
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320 330 340 350 3S0 370 
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Fig. 9. (a) The solid curve shows the absorbance resulting from a 
quinine sulfate solution in a cuvette placed outside the IS detector. 
The dotted curve shows the absorbance (X3) when the same cuvette 
is transferred to the holder inside the IS detector. The reduction in 
apparent absorbance is a direct consequence of fluorescence while 
the change in the spectral shape is most likely due to wavelength 
dependence of the detection efficiency and the magnification ratio, 
(b) Calculation of the detection efficiency factor in Eq. (7) and Eq. 
(7a) assuming ideal relationship between the reflectance and the 
magnification factor. The wavelength dependence of the reflectance 
was taken from generic data presented in the Labsphere, Inc. manu- 
al. The large wavelength dependence is largely due to the magnifica- 
tion factor, (c) Estimated QY of quinine sulfate. The value is higher 
than the accepted value. However most of the wavelength depend- 
ence in the spectra of part (a) has been accounted for. 



utive measurements with 0.5 s integration time at each 
wavelength, and cuvette extraction and reinsertion after 
each measurement. The SD of the buffer absorbance 
measurement was consistent with the instrument noise. 
The SD values of absorbance of fluorescein solution 
with a nominal absorbance of 0. 1 at 490 nm was 0.0003 
outside and 0.0002 inside the IS respectively. Thus the 



SD of fluorescein absorbance measurements was less 
than 0.5 %. Assuming a change of 1 % in fluorescein 
absorbance measured outside the IS, Eq. (7) gives a 
change in QY of about 0.5 %. A change in absorbance 
of 1 % inside the IS gives a change of 1 % for the QY. 
The smaller sensitivity to ^°"* can be understood by 
examining Eq. (8) which shows that^°"* affects both the 
numerator and the denominator in the same manner. 
Neglecting scattering (r^ = 0) in Eq. (7) changes QY by 
1 %. Neglecting transmission {t = 1) in Eq. (7) changes 
QY by 4 %. Thus uncertainties in scattering and trans- 
mission estimates will have negligible effects on the 
value of QY of fluorescein. However the effects of scat- 
tering and transmission will be significant for fluo- 
rophores with small values of QY. 

In addition to the four absorbance measurements, Eq. 
(7) also contains a factor describing the detection effi- 
ciency In the case of fluorescein, the estimated detec- 
tion efficiency factor in Eq. (7) increases the magnitude 
of the QY by about 16 %. The detection efficiency 
involves a product of the ratio of the PMT quantum 
efficiency and the ratio of IS magnification. In both 
cases the ratio is between values evaluated at 
absorbance and fluorescence wavelengths respectively. 
Thus relative quantum efficiencies and magnifications 
have a significant effect on the QY determined using 
Eq. (7). The uncertainty of the detection efficiency fac- 
tor was not evaluated here but the close correspondence 
between the measured and accepted values of QY of 
fluorescein suggests that the estimate of the detection 
efficiency factor in Eq. (7) was reasonable. 



4. Conclusion 

This paper describes a method for determining the 
QY of fluorophores using a commercial spectrometer 
equipped with an integrating sphere (IS) detector. The 
measured values of the QY of fluorescein, rhodamine 
B, and erythrosin B are in agreement with established 
values. The value of QY obtained for quinine sulfate 
(maximum absorption at 350 nm) is very sensitive to 
the form of the wavelength dependence of the IS mag- 
nification. The wavelength dependence of the radiant 
cathode sensitivity of the PMT and magnification fac- 
tors of the IS detector were estimated from generic data 
provided by the manufacturers. For a more accurate 
determination, the wavelength dependence has to be 
characterized for the specific instrument that is used for 
the measurements. This is especially true for wave- 
lengths below 450 nm. In principle, the wavelength 
dependence of the magnification could be performed 
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using molecules with large excitation bandwidth and 
QY = 1 [16]. The results obtained for QY are consistent 
with accepted values. An improved measurement 
model and characterization of the IS can lead to a 
robust and reliable method for determining QY in the 
UV-VIS. In practice it may be necessary to know only 
the wavelength of maximum fluorescence emission 
since a generic fluorescence emission spectrum that is 
shifted to the proper maximum wavelength can yield a 
sufficiently good estimate of the detection efficiency 
factor 
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